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Description 

BACKGROUND OF THE INVENTION 

5 1. FIELD OF THE INVENTION. 

[0001] The present invention relates to a composition and process for use in the manufacture of friction materials. 
More particularly, this invention relates to a composition capable of being rapidly cured by microwave energy suitable 
for use in the manufacture of friction materials. 

10 

2. DESCRIPTION OF THE PRIOR ART 

[0002] Friction materials for use as brake pads are conventionally made by mixing friction modifiers, reinforcing 
fibers, and matrixs until a desired blend is achieved. Then, the blend is placed in a mold, compressed to a desired 
15 density, and heated in a conventional electric or steam chamber for a fixed time period to complete a reaction between 
a curing agent and a matrix. Such traditional formulating and curing techniques are disclosed, for example, in EP 0 
208 326. 

[0003] Also known are methods for manufacturing friction materials which do not require the use of an oven. However, 
such methods have a slow curing rate. See e.g., U.S.P. 4,617,165 ( 12 to 24 hour cure). It is also known that the cure 
20 time can be reduced to about four hours by evaporating the volatiles present in the pre^cured friction material blend in 
conventional ovens set at temperatures ranging between about 200 to 400 °C. See U S, Patent Nos. 4,537,823 and 
4,605,595. Although these methods are less time-consuming, the matrix for such materials produced therefrom does 
not cure uniformly. 

[0004] Many friction materials produced according to known methods also must undergo a separate scorching proe- 
ms ess by means of flame and plasma in order to further improve their factional surface. Not only are such conventional 
scorching processes expensive, but also the scorched layer resulting therefrom is very thin. 

[0005] It is known that microwaves induce heating in certain types of compounds. See Newnham, et al., "Fundamental 

Interaction Mechanisms Between Microwaves and Matter, 21 Ceramic Transactions. Microwave: Theory 

Theory And Application in Materials Processing 51 - 68 (1 991 ). The concept of using electromagnetic energy to improve 

30 the microstructure of materials, i.e. to produce material which are free from defects such as cracks and voids, has 
been applied to processes for making formed coke in compacted carbonaceous masses as taught in U.S. Patent No. 
4,412,841. In the area of friction materials, high frequency wave heaters have been used to pre-heat resin sheets at 
low temperatures in order to decrease their porosity and thus achieve better compaction before they are cut and cured, 
see U.S. Patent No. 3,950,149 (grinding wheel production), as well as to heat metal backing plates in order to soften 

35 the adhesive layer between the plate and the brake lining attached thereto. See U.S. Patent No. 4,668,850. 

[0006] It would be desirable to have a rapidly cureable composition suitable for use in the production of friction 
materials so that the time for their manufacture can be reduced. It would also be desirable to have such a composition 
whereby the friction materials comprised thereof would possess properties such as thick, uniformly cured prebumished 
or scorched sections, selective porosity and adjustable compressibility without sacrificing any of the mechanical prop- 

40 erties associated with known friction materials. 

SUMMARY OF THE INVENTION 

[0007] The present invention provides a rapidly cureable composition having properties such as thick, uniformly 
45 cured prebumished sections, selective porosity and adjustable compressability, which is suitable for use in the produc- 
tion of friction materials, as well as a method for rapidly making such friction materials. 

[0008] In accordance with this invention, there is provided a method of making a friction material as defined in claim 1 . 
[0009] Other aspects of the invention are defined in claim 8 and claim 9. 

[0010] Friction materials such as brake pads produced according to the present invention are not only rapidly, uni- 
50 formly and directly heated in situ, but they also possess a gradient crosslinked morphology. Thus, the highest friction 

coefficient will occur along the friction surface of the pad since at that location the maximum degree of cure occurs. 

Conversely, the lowest degree of cure will occur along the pad surface adjacent to the metal backing plate and opposite 

the friction surface, which thereby avoids deterioration of the friction material-plate bond. Another benefit of the gradient 

morphology is that the damping properties of the friction materials, and thus their impact and noise absorption prop- 
55 erties, are also improved. Further, by simply increasing the curing temperature, the surface of the friction materials of 

the present invention will volatize and form thick, uniformly scorched layers, which thereby improves the frictional 

interaction of these materials with rotors. 

[0011] As a result of the ability to selectively heat certain compounds within the composition, the performance of the 
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friction materials produced in accordance with the present invention can also be engineered to meet specific applica- 
tions, i.e. porosity can be adjusted to improve fade performance and wear resistance see EP 0208326 (U.S. Patent 
No.4,735,975), or can be increased if a reduction in noise is desired. Also adjustable is the degree of cure within the 
composition of the present invention, and concomitantly the overall strength of the friction materials comprised thereof. 
5 [0012] The process of the present invention also advantageously leads to a reduction in cycle time for preparing 
friction materials due to the rapid, simultaneous curing and scorching step as well as the omission of a post-mold 
cooling step. The friction materials produced therefrom, which may be formed in a variety of shapes and sizes, also 
possess mechanical and tribological properties which are equivalent or superior to those of prior art friction materials. 

10 BRIEF DESCRIPTION OF THE DRAWINGS 

[0013] The invention will be more fully understood and further advantages will become apparent when reference is 
made to the following detailed description of the preferred embodiments of the invention and the accompanying draw- 
ings, in which: 

is FIGS. 1 (a) through 1 (c) are three-dimensional views of different arrangements of the cure promoting compounds 

within the friction material. 

DETAILED DESCRIPTION OF THE INVENTION 

20 [0014] Unless indicated otherwise, all references are expressed in terms of weight percent. 

[0015] The first component of the composition of this invention is a friction modifier, which may be characterized as 
a friction powder, an abrasive friction modifier or a lubricant friction modifier. Examples of friction powder friction mod- 
ifiers include cashew, nutshell, and friction dust. Examples of abrasive friction modifiers include magnesium oxide 
(MgO), ferric oxide (Fe 3 0 4 ), and metal powders such as iron powders, copper dusts, aluminum powders and steel 

25 powders. Examples of lubricant friction modifiers include molybdenum disulfide (M0S2), antimony trisutfite (SbS 3 ), 
graphite, and mixtures thereof, 

[0016] The composition of the present invention generally contains, based upon the total weight of the composition, 
from about 0.1 to about 99 percent of friction modifier, and preferably from about 1 to about 60, more preferably from 
about 2 to about 50 and most preferably from about 3 to about 40 percent friction modifier. 

30 [0017] The second component of the composition of this invention is a fiber component which may be selected from 
the group consisting of synthetic or organic fibers, ceramic fibers, metal fibers, and combinations thereof. 
[0018] Suitable synthetic fibers include any type of polymer which is anisotropic in the solid state. Preferred an 
isotropic polymers are those which are anisotropic because of their molecular structure. Particularly preferred aniso- 
tropic polymers are those which are thermotropic, i.e., anisotropic polymers which form an anisotropic melt when heated 

35 to a particular temperature range which is characteristic of the polymer. These particularly preferred thermotropic pol- 
ymers when in the molten state exhibit shear or elongation flow tendency to orient in the shear or elongation flow 
direction. Such oriented melts exhibit after solidification a relatively greater structural and mechanical anisotropy as 
compared to isotropic polymers. 

[0019] In general, anisotropic polymers for use in the practice of this invention are substantially linear rod shaped 
40 polymers containing a relatively high degree of aromaticity in the polymeric backbone. Illustrative of useful anisotropic 
polymers are wholly aromatic polyesters, as for example the polyesters described U.S. Patent Nos. 5,104,599 and 
5,225,489, which are both incorporated herein by reference. 

[0020] Representative of useful polyazomethines are those described in U.S. Patent No. 4,048,148; and represent- 
ative of useful polyesteramides are those described in U.S. Patent No. 4,272,625, both of which are incorporated herein 
45 by reference. 

[0021] Preferred anisotropic polymers are those having recurring moieties derived from reaction of one or more 
compounds selected from the group consisting of aromatic diols, aromatic diamines, aromatic hydroxy amines, aromatic 
hydroxy acids and aromatic amino acids with one or more compounds selected from the group consisting of aromatic 
dicarboxylic acids, aromatic hydroxy acids and aromatic amino acids. More preferred anisotropic polymers are those 
50 having recurring moieties derived from reacting one or more compounds selected from the group consisting of aromatic 
diols, aromatic diamines, aromatic hydroxy amines, aromatic hydroxy acids, and aromatic amino acids with one or 
more aromatic dicarboxylic acids, or those derived by self reaction of aromatic hydroxy acids or aromatic amino acids, 
or those derived by reaction between two or more acids selected from the group consisting of aromatic hydroxy acids 
and aromatic amino acids. 

55 [0022] Illustrative of useful organic fibers are those formed from phenolics or modified phenolics such as novolacs, 
phenolic cyanates, phenolic epoxies and the like, as well as from aromatic liquid crystalline polymers such as lyotropic 
liquid crystalline polymers. Examples of such organic fibers include those aforementioned as possible matrix com- 
pounds. 



3 



EP0 807 215 B1 



[0023] Other organic fibers for use in the practice of this invention include, for example graphite and carbon fibers 
such as those derived from the carbonization of fibers comprised of polyethylene, polyvinylalcohol, saras, aramid, 
nylon, polybenzimidazole, polyoxadiazole, polyphenylene (°PPR M ), petroleum and coal pitches (isotropic), mesophase 
pitch, cellulose and polyacrylonitrile. 

s [0024] In the case of aramid fibers, suitable aramid fibers formed principally from aromatic polyamide are described 
in i iS Patent No. 3,671 ,542, which is hereby incorporated by reference. Preferred aramid fibers will have a tenacity of 
at least about 20 g/d, a tensile modulus of at least about 400 g/d and an energy-to-break at least about 8 joules/gram, 
and particularly preferred aramid fibers will have a tenacity of at least about 20 g/d, a modulus of at least about 480 g/ 
d and an energy-to-break of at least about 20 joules/gram. Most preferred aramid fibers will have a tenacity of at least 

10 about 20 g/denier, a modulus of at least about 900 g/denier and an energy-to-break of at least about 30 joules/gram. 
Particularly useful aramid fibers are those comprised of poly(phenylenediamine terephalamide) and poly(metaphe- 
nylene). 

[0025] In the case of liquid crystal copolyesters, suitable fibers are disclosed, for example, in US Patent Nos. 
3,975,487; 4,118,372; and 4,161,470, hereby incorporated by reference. Such copolyesters having tenacities of about 
is 1 5 to about 30 g/d and preferably about 20 to about 25 g/d, and modulus of about 500 to 1 500 g/d and preferably about 
1000 to about 1200 g/d, are particularly desirable. 

[0026] The composition generally contains, based upon the total weight of the composition, from about 0.1 to about 
90 percent by weight, and preferably about 0.1 to about 50 percent by weight, of the above-mentioned synthetic or 
organic fibers. 

20 [0027] Other fibers which may be present include inorganic fibers, such as ceramic or metal fibers. Illustrative of 
useful inorganic filament for use in the practice of this invention are those comprised of glass which include quartz, 
magnesia alumosilicate, non-alkaline zinc boroalumina, non-alkaline iron aluminosilicate, cadmium borate, and alumi- 
na which include n saffir fibers in eta, delta, and theta phase forms; asbestos; boron; ceramics such as metal and non- 
metal oxides as for example, silicon carbide, titanium boride, zirconium carbide and boron nitride; and metals such as 

25 nickel, steel, iron, bass, aluminum, copper, titanium and alloys such as manganese, titanium, nickel and aluminum. 
[0028] In the preferred embodiments of this invention, the useful inorganic fibers are glass fibers such S-glass, S 2 - 
glass, E-glass and the like; ceramic fibers such as silicon carbide fibers and the like; and aromatic polyamide or pol- 
yester fibers such as aramids, liquid crystalline copolyesters and the like. The composition of the present invention 
contains from about 0 to about 90 percent, and preferably about 1 to about 60 of non-metallic inorganic filaments, and 

30 from about 0 to about 90 percent, and preferably 1 to about 65 percent of metallic fibers. 

[0029] The fibers may be arranged in networks having various configurations. As used herein, a fiber" is defined as 
an elongated body, the length dimension of which is much greater than the dimensions of width and thickness of any 
cross-section. Accordingly, the term fiber as used herein includes a monofilament elongated body, a multifilament 
elongated body, a ribbon, a strip, a film and the like having regular or irregular cross sections, as well as a plurality of 

35 any one or combination of the above. For example, a plurality of filaments can be grouped together to form twisted or 
untwisted fiber bundles in various alignments. The filaments or yam may be formed as a felt, knitted or woven (plain, 
fiber basket, satin and crow feet weaves, etc.) into a network, fabricated into non-woven fabric, arranged in parallel 
array, layered, or formed into a woven fabric by any of a variety of conventional techniques. 

[0030] In preferred embodiments of the invention, the fibers are aligned substantially parallel and unidirectionally to 
40 form a uniaxial, layer in which a matrix material substantially coats the individual fibers. Two or more of these layers 
can be used to form a layer with multiple layers of coated undirectional fibers in which each layer is rotated with respect 
to its adjacent layers. An example is a composite with the second, third, fourth and fifth layers rotated +45°, -45°, 90° 
and 0° with respect to the first layer, but not necessarily in that order. Other examples include a layer with a 0°/90° 
layout of fiber or filaments. Procedures and materials for the fabrication of such preferred networks are described in 
45 detail in US Patent Nos. 4,457,985; 4,613,535; 4,748,064; 4,916,000; 4,403,012; 4,623,574: and 4,737,402, which are 
incorporated herein by reference. 

[0031] The third component of the claimed composition is a filler. Any filler known in the art is suitable for use in this 
invention including, but not limited to rubber scrap, whiting, mica, seacoal, wallestonite, alumina, silicon carbide, ky- 
anite, clay, silicas, brass chips, copper powder, zinc, iron powder, aluminum, bartyles, (BaS0 4 ) and combinations 
50 thereof. 

[0032] The composition of the present invention may contain, based upon the total weight of the composition, from 
about 0.1 to about 99 percent, preferably from about 1 to about 80, more preferably from about 5 to about 75, and 
most preferably from about 3 to about 60 percent of a filler. 

[0033] The fourth component of the claimed invention is a is a matrix (or "binder") selected from a thermoplastic 
55 resin, a thermoset resin, and combinations thereof. The type of resin employed is not critical and essentially any ther- 
moplastic or thermoset resin known to those of skill in the art can be used. 

[0034] Preferred resins for use as the matrix component of the composition of this invention are the n on -heterocyclic 
aromatic polymers such as phenolics and phenolic derivatives, aromatic polyamides.aromatic polyesters and other 
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aromatic polymers such as polyphenylene and mesophase pitch, and copolymers and mixtures thereof. More preferred 
resins are phenolic resins and various modified phenolic resins as for example, phenolic resins in which the hydroxyl 
group has been derivatized as for example, with a crosslinkable moiety such as cyanate, epoxy and alkyl groups. The 
most preferred resins are the high temperature resistant resins which do not generate volatiles during curing such as 
5 cyanated phenolics and phenolic-triazine resins, more preferably cyanated phenolics. Examples of cyanated phenolic 
and phenolic-triazine resins may be found in, for example, U.S. Patent No. 4,831,086, which is incorporated by refer- 
ence herein. 

[0035] The composition of the present invention generally contains, based upon the total weight of the composition, 
from about 0.5 percent to about 99 percent, preferably from about 3 percent to about 60 percent, more preferably from 
10 about 6 percent to about 55 percent and most preferably from about 6 percent to about 45 percent by weight, of the 
above-mentioned matrices. 

[0036] In general, the matrix, fiber, filler, and friction modifier components which are suitable for use in the present 
invention are commercially available or could be conveniently manufactured by the techniques described in the liter- 
ature cited for each respective component. 
is [0037] One important feature of this invention is that a sufficient amount of at least one of the components selected 
from the group consisting of friction modifiers, fillers, fibers, and combinations thereof, possesses an, effective config- 
uration or "aspect ratio" which will effectively absorb the microwave energy such that the X-Y plane of the composition 
is uniformly cured to the degree desired. As used herein, the term "aspect ratio" is the ratio of the length of the com- 
ponent to its diameter. 

20 [0038] Another important feature is that a sufficient amount of those components having such a suitable aspect ratio 
also are "cure promoting" compounds. As used herein, "cure promoting" compounds refer to the components which 
have a dielectric loss of from about 0.000001 to about 1.0, preferably from about 0.05 to about 0.6, and/or have a 
resistivity of from about 1 x 10" 10 to about 1 x 10 +8 ohms-cm, preferably from about 1 x 10" 8 to about 1 x 10+ 4 ohms-cm. 
[0039] Examples of "cure promoting" friction modifiers and/or filler components suitable for use in this invention have 

25 a configuration selected from the group consisting of: 1) "ground", "chopped" or "short" cylinder; 2) "long" cylinder; 3) 
plate; 4) particle; or 5) combinations thereof. Similarly, suitable "cure promoting" fiber components may be either in a 
"ground", "chopped" or "short" cylinder configuration, a "long" cylinder configuration, or a combination thereof. 
[0040] As used herein, the terms "chopped" o r "short" fiber refers to fibrous or acicular fibers having a length equal 
to or greater than about 0.01 cm, a diameter equal to or less than about 1 cm, and an "aspect ratio" of greater than 

30 about 1 .05. The aspect ratio of the short fibers is preferably from about 1 .5 to about 3000, and most preferably from 
about 1 to about 2500. 

[0041] As used herein, "long fibers" refers to fibers having a diameter similar to those of short fibers along with very 
long lengths of from about 1 cm to about infinity. The aspect ratio of long fibers is at least greater than about 3. 
[0042] As used herein, "particle" refers to a structure of the friction modifier or filler components having a length 

35 approximately equal to its diameter, and an aspect ratio of about 1. 

[0043] As used herein, "plate" refers to a structure of the friction modifier or filler having a length equal to or greater 
than about 0.001 cm, a diameter equal to or less than about 10 cm, and an "aspect ratio" of less than about 0.995. 
[0044] Although there are no upper limits on the aspect ratio or the length of the component, and there is no lower 
limit on the diameter of the particle, effective aspect ratios of "cure promoter" compounds suitable for use in the present 

40 invention are preferably greater than about 0.1, more preferably greater than about 0.2, and most preferably greater 
than about 0.3. 

[0045] In the preferred embodiments of this invention, the cure promoting compounds of this invention have an 
average length of about 0.00005 cm to about 5 cm, more preferably from about 0.005 cm to about 1 .5 cm, and most 
preferably from about 0.05 cm torabout 1 .25 cm, wherein the length distribution of the cure promoting compounds may 
45 vary from about X±0. 1 X to about X±X, preferably from about X+0.2X to about X+X, more preferably from about X±0.3X 
to about X±X, most preferably from about X+0.4X to about X±X, and with best results between from about X±0.5X to 
about X±X, where X is the average length of the cure promoting compound. 

[0046] The average diameter of the cure promoting compound may be from about 0.00005 to about 0.05 cm, pref- 
erably about 0.0005 cm to about 0.025 cm, and most preferably about 0.0005 to about 0.01 cm, where the diameter 

50 distribution of the cure promoting compound component in the mixture is equal to or less than about Y±Y, preferably 
from about Y±0.2Y to about Y±Y, more preferably from about Y±0.3Y to about Y±Y, most preferably from about Y+0.4Y 
to about Y±Y, and with best results from about Y±0.5Y to about Y±Y, wherein Y is the average diameter of cure pro- 
moting compounds in the mixture. The diameter may vary widely as indicated above with respect to length distribution. 
[0047] Techniques for forming the various shapes of the cure promoter compounds are well known in the art and 

55 described in, for example, Savage Carbon-Carbon Composites (1993). 

[0048] In general, "cure promoting" compounds suitable for use in this invention include the materials whose con- 
ductivity promotes the coupling of microwave energy. Microwaves have wavelengths from about 100 cm to about 0.1 
cm at frequencies of from about 0.3 GHz to about 300 GHz. Illustrative of these "cure promoting" compounds are those 
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which include carbon such as fullerines, graphite, and diamond; metal such as aluminum (Al), iron (Fe), copper (Cu), 
cobalt (Co), magnesium (Mg), and molybdenum (Mo); mixed valent oxides such as ferric oxide (Fe0 3 ), cuprous oxide 
(CuO), cobalt trioxide (C02O3), nickel oxide (NiO); and sulfide semiconducting materials such as lead sulfide (PbS), 
iron sulfide (FeS 2 ), and copper iron sulfide (CuFeS 2 ), and mixtures thereof. Preferable cure promoting compounds 
s include graphite and magnetic particles such as iron, ferric oxide, iron sulfide, and copper iron sulfide, with graphite 
Heing more preferred. 

[0049] We have found that by incorporating an effective amount of such cure promoting components having the 
specified configurations, and distributing such components according to the specified ranges in the composition of the 
present invention, these cure promoting components contribute to the reduction of the molding/curing cycle time and 

10 the increase in the heating efficiency of the composition without detrimentally effecting the performance of the resultant 
friction material. By "effective" amount of cure promoting compounds as used herein, it is meant the amount of "cure 
promoting" compound required to obtain the degree of cure desired. One skilled in the art can readily determine the 
appropriate amount and size of the cure promoting compound needed to provide the desired degree of cure. It is 
believed that each of the cure promoting compounds functions as a "conductor" which absorbs and generates heat in 

is the presence of microwave energy and thus accelerates the cure rate of the composition of the present invention. 

[0050] The composition of this invention may also include additional components for appearance and property im- 
provements. Such other additives include particulate fillers, colorants, antioxidants, stabilizers, and the like. The nature 
of such additives will vary widely and will depend upon the nature of the cure promoting compound or compounds and 
matrix contained in the composition, intended uses of the composition, and the like. The amounts of such additives 

20 may vary widely. The amount of the additives may vary between about 0 to about 80 percent based on the total weight 
of the composition, preferably from about 30 to about 50 percent on the aforementioned basis. 

[0051] Commercially available impact modifiers, such as rubber, i.e. ground rubber, and elastomers may also op- 
tionally be used in the present composition. Such impact modifiers may be used in amounts of from about 0 to about 
30, preferably from about 0.5 to about 10 based upon the total weight of the composition. 
25 [0052] A pH regulator, such as calcium hydroxide (Ca(OH) 2 ) may also be used in the composition of the present 
invention in amounts of from about 0 to about 35 percent, preferably from about 0 to about 10 percent, based upon 
the total weight of the composition. 

[0053] The composition of the present invention may be made by combining all of the essential ingredients as well 
as any optional ingredients via conventional mixing techniques well known in the art, such as dry blending, melt blend- 

30 |ng, or blending in extruders or other types of mixers, under ambient conditions. 

[0054] Cure promoter compounds suitable for use in the present invention may be arranged within a friction material 
in any one of the combinations illustrated in FIG. 1, which shows, for example, cure promoting compounds in particle 
form. For example, the friction material can be a unitary structure comprised of a cure promoting compound or com- 
pounds uniformly dispersed throughout as shown in FIG 1 a. Alternatively, the material may be a multilayer construction 

35 comprised of: 1) one layer comprised of the cure promoting compound or compounds adjacent to a layer comprised 
of the composition of the present invention without cure promoting compounds (FIG 1b); or 2) one or more layers 
comprised of cure promoting compound or compounds sandwiched between two or more layers comprised of the 
composition of the present invention without cure promoting compounds (FIG. 1c). 

[0055] The composition, when cured, has a low percentage of acetone extractables which signifies a high degree 
40 of cure, i.e. greater than about 99 percent, when the cured composition is extracted with acetone according to the 
method provided in French, "Crosslink Density from Sol-Gel Contents," A11 (3) J. Macromol. Sci. 643-666(1977). This 
is because as the molecular weight of a compound increases during crosslinking, its solubility in acetone decreases. 
[0056] The composition of the present invention may be made into various articles of manufacture, examples of 
which include friction materials such as drum linings, clutches, and brake pads for automobiles, trucks, planes, trains, 
45 bicycles, and the like. 

[0057] An alternative embodiment of the composition of the present invention includes the cure promoter compounds, 
such as continuous carbon and graphite fibers, and matrix in a carbon-carbon composite arrangement. Such carbon- 
carbon composite materials are particularly suitable for use in aircraft or racing car brakes. Cure promoter compounds 
having an aspect ratio approaching infinity, i.e. filaments , are preferred for use in carbon-carbon composites. Such 

50 carbon-carbon composites may be made by way of conventional methods known in the art, such as by means of resin 
transfer molding, impregnation, and pultrusion. See Savage, Carbon-Carbon Composites (1993). 
[0058] The method of the present invention comprises the initial step of blending the matrix, filler, fiber and friction 
modifier, as well as any other optional ingredients, using conventional techniques, such as dry blending or melt blending, 
or blending in extruders or other types of mixers. 

ss [0059] The resulting blend is then shaped into the form of the desired end product, typically by filling a mold having 
the appropriate shape and size desired with the blend. Any conventional techniques for placing the blend into molds 
as well as for transporting said molds or the friction materials themselves to heating chambers may be used. Such 
techniques are well known in the art and described in United States Patent Nos. 4,617,165, 4,537,823 and 4,605,595. 
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[0060] The size, shape, and composition of the molds may vary based upon the desired end use of the friction 
materia! article. The size, i.e. width and length, of the molds are generally larger, i.e. from about 0.05 cm 3 to about 
300,000 cm 3 in those instances where the article is to be used as a brake pad or drum lining for stopping heavy vehicles. 
Conversely, where the article is intended for use as a means for stopping smaller vehicles, i.e. bicycles, then the molds 
5 are generally smaller. 

[0061] The shape of the mold may be irregular or regular Illustrative of useful shapes include, for example, cubic, 
rectangular, cylindrical, and polygonal such as triangular, pentagonal, and hexagonal. In the preferred embodiment of 
the invention, the molds are cubic, rectangular or cylindrical. The shape of the mold further depends on the arrangement 
of the cure promoting compound, i.e. unitary or multilayer structures as discussed above. 
10 [0062] The molds should be comprised of a materials such as polymer composites, i.e. glass fiber reinforced com- 
posites, or metals which will withstand the high curing temperatures employed herein. 

[0063] While in the heating chamber, the friction material, while either within the mold or after it has been pressed 
therefrom via conventional pressing means known in the art, is exposed to microwave radiation usually supplied at a 
power of at least about 0.05 W, preferably from about 0.05 W to about 1000 KW, and more preferably about 500 W to 

15 about 500 KW, and a frequency of from about 0.954 GHz to about 2.45 GHz. 

[0064] The friction material is exposed to the radiation at a temperature generally of from about 10 °C to about 
2500°C, preferably from about 20°C to about 300°C , for a time preferably ranging between about 1 to about 3 hours , 
preferably about 3 to about 60 minutes, while in the heating chamber in order to cure the matrix in the friction material. 
[0065] It is believed that by employing such conductive cure promoting compounds, the matrix and other components 

20 of the friction pad located adjacent to each respective cure promoting compound are heated and burned away upon 
exposure to microwave radiation. This, as well as the phenomena that microwave energy heats matter from the inside 
out, contributes to the highly porous morphology of the friction materials of the present invention as compared to those 
materials cured by conventional means. 

[0066] Accordingly, the porosity and overall strength of the friction materials of the present invention may be controlled 
25 by selecting the appropriate aspect ratio and distribution of the cure promoter compounds, which absorb both the 
electromagnetic energy and the concomitant increase in temperature during curing. All organic materials proximate to 
the cure promoter compounds may "burn off* during the exposure to microwave energy, leaving holes or pores in the 
friction materials. By so adjusting the placement of the cure promoter compounds and thus the porosity for the com- 
position, the friction resistance between the pad and the stator as well as the "noise" or may be controlled, i.e. as the 
30 porosity increases, the "noise" is reduced. 

[0067] Because the waves of microwave energy are not only absorbed into the surface of the friction material but 
also are reflected off of the plate on which the friction material rests during curing, the resulting friction material pos- 
sesses a gradient crosslinking morphology. This means that the during the curing process, the surface of the friction 
material is exposed to higher temperatures, undergoes a higher degree of cure, and thus forms a scorched surface 
35 layer having a depth which may vary from about 0.0005 cm to about 1 .5 cm, preferably from about 0.01 cm to about 
0.3 cm. The friction material-plate bond is also advantageously not weakened during the curing process since the layer 
of friction material adjacent to the backing plate is only exposed to low temperatures due to the energy waves reflecting 
therefrom. 

[0068] The following examples are presented to provide a more complete understanding of the invention. The specific 
40 techniques, conditions, materials, proportions, and reported data set forth to illustrate the principles and practice of the 
invention are exemplary and should not be construed as limiting the scope of the invention. 

[0069] The following properties of the cured materials produced according to the Examples were determined as 
follows: 

45 a) Strength (Pa) and Density (gm/cc): Samples having a circular surface diameter of about 1 .95 cm (0.75 inches) 

and thicknesses of about 1 .905 cm (0.25 inches) are tested for density via gravimetry In order to test for compres- 
sive strength, other samples having similar dimensions are placed in the platen of a hydraulic press equipped with 
a force gauge. The compressive strength is determined by dividing the ultimate force required to destroy the sample 
divided by the surface area of the sample. The flexural strength is measured via the method described in ASTM 

50 D790. 

b) Porosity: The porosity of samples are calculated from the density as follows: 
55 % porosity = 100 x {theoretical density - actual densityj/theoretical density, 

wherein the theoretical density is equivalent to the sum of the specific densities of the components. 
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c) : Dynamic Mechanical properties: The Young's Modulus (Pa) and Tan 5 = (lost Young's Modulus)/Stored 
Young's Modulus) of samples are measured via the method described in Ferry, " Viscoelastic Properties of Poly- 
mers, a 124 (3rd Ed. 1978) and Nielsen, " Mechanical Properties of Polymers and Composites, 0 54 (1976). 

Each sample or strip, which have dimensions of about 3.8 cm x about 0.635 cm x about 0.31 2 cm, is placed 
s into a Rheometric Dynamic Spectrometer obtained from Rheometrics, Inc. and was heated at a rate of about 3 

°C/minute and a strain cycle frequency of about 1 Hz in the presence of argon. The temperature range studied is 
from25°C to 400° C. 

d) : Heat of Curing (J/g): Each sample is ground into powder form via mortar and pestle. About 8.5 mg to about 
fo 1 0 mg of the powder is heated for 2 minutes in a Series Thermal Analysis System Differential Scanning Calorimeter 

obtained from Perkin-Elmer at temperatures of from about 10 °C to about 250°C and at a scanning rate of about 
5.0 degrees/minute in the presence of nitrogen. 

e) : Acetone Extraction: For about 1 0 minutes, a glass fiber thimble is dried in a Fisher Scientific isotherm vacuum 
*5 oven preheated to about 110°C. The thimble is then placed in a Fisher Scientific desiccator set at room temperature 

for another 1 0 minutes, then weighed. Samples of a molded article are crushed into a powder, which is then placed 
into the cooled thimbles and weighed. The powder-filled thimble is extracted with acetone under reflux for about 
2 hours in a glass reflux machine obtainable from Fisher Scientific. The powder-filled thimble is then placed in the 
above, room-temperature desiccator for 20 minutes then weighed. 

20 

f) Friction and Wear: The friction and wear of the sample of molded articles are evaluated by the Chase Test (Test 
method SAE J661). 

Example 1. Preparation of a Friction Material Composition 

25 

[0070] 3.0 g of a poly(aromatic amide) pulp obtained from DuPont Chemical under the tradename "Kevlar" are mixed 
with 0.4 g. of graphite powder having a particle diameter of about 0.03 cm in approximately a 0.5 liter (two quart) 
Patterson-Kelly blender at a speed of 3825 rpm for about 3 minutes. 6.0 g. of graphite chips having a particle size of 
about 0.124 cm and 4.9 g. of antimony trisulfide are added thereto, and the resulting mixture is then mixed for an 

30 additional 5 minutes at about 3825 rpm. 

[0071] 6.1 g. of a thermosetting phenolic resin obtained from Borden Chemicals (Ohio) under the tradename "Durite 
FD-2166A" which contains about 7.5 weight % of a hexamethylene tetraamine curing agent, 3.4 g. of cashew nutshell 
friction dust, 4.5 g. of a ground rubber, and 33.2 g. of barium sulfate (BaS0 4 ) are then added thereto, followed by an 
additional 6 minutes of mixing at about 3825 rpm. 

35 8.0 g. of mica were then added thereto, followed by 10 minutes of additional mixing at about 3835 rpm. 

[0072] 1 .2g. of carbon fibers having a UD ratio of about 1 5, 20 g. of copper fibers having a UD ratio of about 6, 6 g. 
of zinc powder having a particle diameter of 0.03 cm and 9.0 g. of sisal fibers having an LTD ratio of about 10 were 
added thereto, followed by 20 minutes of additional mixing at about 3825 rpm. 

40 Example 2.: Molding of a Friction Material 

[0073] 1 20 g. of the composition produced in Example 1 is placed in a #9DT-0035 Raloid Tooles mold under ambient 
conditions. The mold is placed into the platens of a 40 ton Wabash press preheated to 250 °C, then the press is closed. 
[0074] After approximately 30 minutes of maintaining the pressure within the mold of the closed press at about 204 
45 atm (3 kpsi), the temperature within the mold increases to about 148 °C. The temperature of the press is then adjusted 
to "auto heat" and maintained thereat for about 3.5 minutes. The mold is then cooled to room temperature by running 
water through the interior of the platens for about 35 minutes. 

Comparative Example 3-1: Curing of Hot-pressed Article By conventional heating 

so 

[0075] Samples of the molded article produced according to the method described in Example 2 are cured with 
circulating hot air for 14 hours in a Fisher Scientific oven preheated to 260 °C. The results of the property evaluations 
of the cured samples are summarized in Table 1 . 

[0076] The temperature of the samples is about 110 ^C upon entering the oven. After curing, cracks and floats are 
55 apparent in the cured samples. This illustrates that friction material compositions having elevated initial temperatures 
cannot be successfully cured by means employing conventional energy Rather, it is necessary to cool the friction 
material to about room temperature before curing it in a conventional oven in order to produce materials without cracks 
and floats. 
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Example 3: Curing by microwave energy 

[0077] Samples of the molded article produced according to the method described in Example 2 are cured with 
microwave energy in a BPH 7000 microwave oven obtained from Cober Electronics under the conditions: 1.2kW and 
2.45gHz for about 1 minute. The results of the property evaluations of the cured samples are summarized in Table 1 . 



Table 1 



1 — Act 1 l|U|c 


Properties 


Density (g/ 
cc) 


Comp. 
Strength 
GPa (kpsi) 


Acetone 
Ext.< 1 >(wt%) 


Tg, °C (max 
tan 5) 


wt loss 

(%) 


thickness 
loss (%) 


Comp.Ex 3- 1 


2.453 


0.0845 (12.3) 


1.10 


249.0 


2.6 


3.3 


Ex 3; Sample 
1 


2.120 


0.0779(11.3) 


1.10 


200.0 


2.2 


7.1 


Ex 3; Sample 
2( 2 ) 


2.367 


0.0834(12.1) 


0.877 


259.0 


2.7 


3.8 


Ex 3; Sample 
3(3) 


2.403 


0.0848(12.3) 


0.510 


259.2 


2.5 


3.3 



(1 ) For the fully cured pad, the maximum theoretical acetone extractables is 1 .2239 wt%. 

(2) Hot-pressing conditions: same as Sample 1 except mold temperature was 204°C instead of 148*C. 

(3) Hot-pressing conditions: same as Sample 1 except mold temperature was 234°C at 408 atm (6 kpsi) instead of 148*0 at 204 atm (3 kpsi) 



[0078] It can be seen from Table 1 that the article cured via microwave energy possesses physical and tnbological 
properties equivalent to or superior than those of the article cured via conventional heating. 

[0079] The temperature of the samples upon entering the oven is about 110 °C. After curing, no cracks or floats are 
apparent in the samples. This illustrates that friction material compositions of the present invention having elevated 
pre-cure temperatures can successfully be cured in microwave ovens. Therefore, the step of cooling the pre-cured 
composition is eliminated, which further reduces the cycle time of producing cured friction materials. Further, the amount 
of energy expenditure is also reduced since it is not necessary to heat the composition from room temperature in the 
oven during curing. 

Example 4.1: Effect of Chemical Ingredients-Cure Promoter 

[0080] About 4 g of the phenolic resin of Example 1 is blended with about 1 g of various cure promoter compounds 
in a 150 mL beaker and stirred until homogenous. 5 gm of the resulting blend is formed into a pad and cured in the 
same manner and under the same conditions as described in Example 3, except that the curing time is 20 seconds. 
The results of the acetone extraction tests performed on the cured friction materials are found in Table 2. 



Table 2 





Acetone Extractables in Phenolic Resin in 5 Grams 
Sample After Microwave (1.2KW, 2.45 GHz, 20 sees), 
wt % 


phenolic 


100 % 


phenolic/graphite 1 (graphite 1 : UD = 1 .2; D = 0.08cm) 


1.7% 


phenolic/graphite 2 (graphite 2: UD = 1 .1; D = 0.03cm) 


0.0 % 


phenolic/graphite 3 (graphite 3: UD = 0.3; D = 0.124cm) 


61.6% 


phenolic/copper fiber (copper fiber UD =6; D =0.03 cm) 


0.0 % 


phenolic /zinc (Zinc: UD = 1.0; D = 0.0 4cm) 


100 % 


. Phenolic/Sisal Fiber (Sisal Fiber UD =10; D = 0.06cm) 


100% 


phenolic/carbon fiber (carbon fiber: UD =1 5, D = 0.03cm) 


100% 
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[0081] It can be seen from Table 2 that the size and type of cure promoters effect the degree of cure in the friction 
material. Clearly, graphite and copper fiber are effective promoters for the curing the phenolic resin by microwave 
energy, whereas the other components contribute very little to promoting the cure reaction. It is further evident that the 
graphite compound is more effective at a lower aspect ratio. 

[0082] The governing parameters of the curing reaction by microwave energy are the friction materials': mass, specific 
heat, dielectric properties, geometry, heat loss mechanisms, coupling efficiency, power generated therein, as well as 
the output power of the microwave heating. All things being equal, the rate of cure may be increased by increasing the 
output power to the microwave heating unit within certain limitations. For example, an increase in input power from 1 .2 
kW to 7 kW, will decrease the cure time of the composition of the present invention from about 20 seconds to about 3 
seconds. 

Example 4.2 Effect of Nature of the Matrix 

[0083] 50 g of a PT resin having a weight average molecular weight of about 3745, a number average molecular 
weight of about 1291 , and a molecular weight distribution of about 2.9 obtained from AlliedSignal Inc, Morristown, New 
Jersey, and 50 g of the thermosetting phenolic resin of Example 1 are molded and cured in the same manner and 
under the same conditions described in Examples 2 and 3, except with a 60 second curing time. The acetone extract- 
ability of the cured composition is shown in Table 3. 



Table 3: 



Effect of Resin on Cure 




Acetone Extractables in Resin, wt % 


Phenolic Resin 


PT Resin 


Resin (alone) 


79.5 


54.42 ; 



[0084] It can be seen from Table 3 that PT resins are more reactive toward microwave energy, i.e. lower acetone 
extraction signifies a higher degree of cure, than the phenolic resins. 

Example 5: Gradient Cure 

[0085] Samples of the article produced according to the method described in Example 2 are cured for about 1 minute 
with microwave energy in the oven of Example 3 under the conditions: 3.6 kW and 2.45GHz. Test strips having dimen- 
sions of about 3.8 cm x about 0.635 cm x about 0.312cm, are taken from the top (friction surface), middle, and the 
bottom (adjacent to the metal plate) of the cured samples. The dynamic mechanical and acetone extraction properties 
of the samples are summarized in Table 4. 



Table 4: 



Sampling Position 


DMA, (Tan 5 value) 


Tg at peak value of Tan 5 

(°C) 


Acetone Ext. (Wt 
%) 


Top (friction surface) 


0.028 


260.0 


0.70 


Middle 


0.040 


220.0 


0.73 


Bottom (adjacent to the metal 
ptate) 


0.065 


206.0 


0.94 



[0086] "Tan 6 " is used to measure the damping of the friction material. More specifically, the higher the Tan 5, the 
lower the degree of cure and the greater the damping capabilities of the material. 

[0087] It can be seen from Table 4 that a test strip cured with microwave energy possesses a gradient cure, with its 
bottom layer having a lower degree of cure, i.e. higher acetone extraction and glass transition temperature, and thus 
a greater degree of viscoelasticity than its top surface layer. Because this bottom layer retains much of its viscoelastic 
nature after curing, the resulting test strip is capable of absorbing a great amount of vibrational energy created during 
actual braking. Therefore, not only are the impact properties of the pads of the present invention improved, but also 
the propagation of noise therethrough is reduced. 

[0088] By contrast, because a brake pad cured in a conventional oven is uniformly cured throughout, it has a lower 
viscoelasticity and thus inferior damping and impact properties. 
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Claims 

1. A method of making a friction material comprising: 

a) combining a matrix, a fiber, a filler, and a friction modifier, wherein an effective amount of at least one of 
the components selected from the group consisting of fiber, filler, friction modifier and combinations thereof 
includes cure promoting compounds having an effective aspect ratio such that said friction material is rapidly 
cured in the presence of microwave energy, in a container to produce a mixture of materials; 

b) shaping said mixture into said friction material; and 

c) exposing said friction material to microwave radiation under conditions sufficient to cure said matrix. 

2. A method according to claim 1, wherein said cure promoting compounds have a dielectric loss of from about 
0.000001 to about 1 .0, and a resistivity of from about 1 x 10 -10 to about 1 x 10 +8 ohms-cm. 

3. A method according to claim 1 or claim 2, wherein said cure promoting compounds are selected from the group 
consisting of fullerines, graphite, diamond, aluminum, iron, copper, cobalt, magnesium, molybdenum, ferric oxide, 
cuprous oxide, cobalt trioxide, nickel oxide, lead sulfide, iron sulfide, copper sulfide and mixtures thereof. 

4. A method according to any of claims 1 to 3, wherein said fiber is aligned in a substantially parallel and unidirectional 
manner. 

5. A method according to any of claims 1 to 4, wherein a plurality of said fibers is arranged in at least one layer, 
wherein the rotational angle between said fibers in said layer is from about 0° to about 90 & . 

6. A method according to any of claims 1 to 4, wherein at least one of said components selected from the group 
consisting of fillers, fibers, friction modifiers, and mixtures thereof is randomly dispersed in said mixture. 

7. A method according to any of claims 1 to 6, wherein said aspect ratio is greater than about 0.1 . 

8. A friction material comprising a matrix, a fiber, a filler and a friction modifier, wherein an effective amount of at least 
one of the components selected from the group consisting of fiber, filler, friction modifier and combinations thereof 
includes cure promoting compounds having an effective aspect ratio such that said friction material is rapidly cured 
in the presence of microwave energy, the friction material having a gradient crosslinked morphology as a result of 
curing said friction material by exposing it to microwave radiation. 

9. A brake pad comprising a friction material as defined in claim 8, wherein the coefficient of friction of the friction 
material in the brake pad varies from a wear surface to a surface for engagement with a backing plate. 

Patentanspruche 

1. Verfahren zur Herstellung eipes Reibungsmaterials, bei dem man: 

a) in einem Behalter eine Matrix, eine Faser, einen Fullstoff und einen Reibungsmodifizierer, wobei eine wirk- 
same Menge mindestens einer der Komponenten aus der Gruppe bestehend aus Faser, Fullstoff, Reibungs- 
modifizierer und Kombinationen davon die Hartung fordernde Verbindungen mit einem solchen effektiven 
Aspektverhaltnis enthalt, daB das Reibungsmaterial in Gegenwart von Mikrowellenenergie schnell aushartet, 
zu einer Substanzmischung vereinigt; 

b) die Mischung zu dem Reibungsmaterial formt und 

c) das Reibungsmaterial unter zur Hartung der Matrix ausreichenden Bedingungen mit Mikrowellenstrahlung 
bestrahlt. 

2. Verfahren nach Anspruch 1, bei dem die die Hartung fordernden Verbindungen einen dielektrischen Verlust von 
etwa 0,000001 bis etwa 1,0 und einen spezifischen Widerstand von etwa 1 x 10" 10 bis etwa 1 x 10 +8 Ohm-cm 
aufweisen. 

3. Verfahren nach Anspruch 1 oder 2, bei dem man die die Hartung fordernden Verbindungen aus der Gruppe be- 
stehend aus Fullerenen, Graphit, Diamant, Aluminium, Eisen, Kupfer, Cobalt, Magnesium, Molybdan, Eisen(lll)- 
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5 



25 



oxid, Kupfer(l)-oxid, Cobalttrioxid, Nickeloxid, Bleisulfid, Eisensulfid, Kupfersulfid und deren Gemischen auswahlt. 

4. Verfahren nach einem der Anspruche 1 bis 3, bei dem man die Faser weitgehend parallel und unidirektional aus- 
richtet. 

5. Verfahren nach einem der Anspruche 1 bis 4, bei dem man mehrere Fasern in mindestens einer Schicht anordnet, 
wobei der Drehwinkel zwischen den Fasern in der Schicht etwa 0° bis etwa 90 a betragt. 

6. Verfahren nach einem der Anspruche 1 bis 4, bei dem man mindestens eine der Komponenten aus der Gruppe 
10 * bestehend aus Fullstoffen, Fasern, Reibungsmodifizierer und deren Gemischen in der Mischung statistisch verteilt. 

7. Verfahren nach einem der Anspruche 1 bis 6, bei dem das Aspektverhaltnis groBer als etwa 0,1 ist. 

8. Reibungsmaterial mit einer Matrix, einer- Faser, einem Fullstoff und einem Reibungsmodifizierer, wobei eine wirk- 
J5 same Menge mindestens einer der Komponenten aus der Gruppe bestehend aus Faser, Fullstoff, Reibungsmo- 
difizierer und Kombinationen davon die Hartung fordernde Verbindungen mit einem solchen effektiven Aspektver- 
haltnis enthalt, daB das Reibungsmaterial in Gegenwart von Mikrowellenenergie schnell aushartet, wobei das 
Reibungsmaterial aufgrund der Hartung des Reibungsmaterials durch Bestrahlung mit Mikrowellenstrahlung eine 
einen Gradienten aufweisende vernetzte Morphologie aufweist. 

20 

9. Bremsklotz mit einem Reibungsmaterial nach Anspruch 8, wobei der Reibungskoeffizient des Reibungsmaterials 
im Bremsklotz von einer VerschleiBoberflache zu einer Oberflache fur die Ineingriffnahme mit einer Tragerplatte 
hin variiert. 

Revendications 

1. Procede de fabrication d'un materiau de frottement comprenant : 

30 a) la combinaison d'une matrice, d'une fibre, d'une charge et d'un modificateur de frottement, dans laquelle 

une quantite efficace d'au moins un des composants choisi parmi le groupe constitue de la fibre, de la charge, 
du modificateur de frottement et des combinaisons de ceux-ci inclut des composes stimulant le durcissement 
ayant un rapport d'aspect efficace tel que ledit materiau de frottement est rapidement durci en presence d'ener- 
gie de micro-ohdes, dans un conteneur pour produire un melange de materiaux ; 

35 b) la mise en forme dudit melange en ledit materiau de frottement ; et 

c) I'exposition dudit materiau de frottement a une radiation micro-onde dans des conditions suffisantes pour 
durcir ladite matrice. 

2. Procede selon la revendication 1 , dans lequel lesdits composes stimulant le durcissement ont une perte dielectri- 
40 que d'environ 0,000001 a environ 1,0 et une resistivite d'environ 1x10* 10 a environ 1x1 0 +8 ohms-cm. 

3. Procede selon la revendication 1 ou la revendication 2, dans lequel lesdits composes stimulant le durcissement 
sont choisis parmi le groupe constitue des fullerines, du graphite, du diamant, de Paluminium, du fer, du cuivre, 
du cobalt, du magnesium, du molybdene, de I'oxyde ferrique, de I'oxyde cuivreux, du trioxyde de cobalt, de I'oxyde 

45 de nickel, du sulfure de plomb, du sulfure de fer, du sulfure de cuivre et des melanges de ceux-ci. 

4. Procede selon Tune quelconque des revendications 1 a 3, dans lequel ladite fibre est alignee de maniere prati- 
quement parallele et unidirectionnelle. 

50 5. Procede selon Tune quelconque des revendications 1 a 4, dans lequel une pluralite desdites fibres est disposee 
dans au moins une couche, dans lequel Tangle de rotation entre lesdites fibres dans ladite couche est d'environ 
0° a environ 90°. 

6. Procede selon I'une quelconque des revendications 1 a 4, dans lequel au moins un desdits composants choisi 
55 parmi le groupe constitue des charges, des fibres, des modificateurs de frottement et des melanges de ceux-ci 

est disperse au hasard dans ledit melange. 

7. Procede selon Tune quelconque des revendications 1 a 6, dans lequel ledit rapport d'aspect est superieur a environ 
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0,1. 

Materiau de frottement comprenant une matrice, une fibre, une charge et un modificateur de frottement, dans 
lequel une quantite efficace d'au moins un des composants choisi parmi le groupe constitue de la fibre, de la 
charge, du modificateur de frottement et des combinaisons de ceux-ci inclut des composes stimulant le durcisse- 
ment ayant un rapport d'aspect efficace tel que ledit materiau de frottement est rapidement durci en presence 
d'energie de microondes, le materiau de frottement ayant une morphologie reticulee en gradient resultant du dur- 
cissement dudit materiau de frottement par exposition a la radiation micro-onde. 

Plaquette de frein a disque comprenant un materiau de frottement comme defini dans ia revendication 8, dans 
laquelle le coefficient de frottement du materiau de frottement dans la plaquette de frein a disque varie d'une 
surface d'usure a une surface pour I'engagement avec un plateau-support de frein. 
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